Calibration of the X-band LAWR (Local Area Weather Radar) is traditionally based on an assumed linear relation between the LAWR radar output and the rainfall intensity. However, closer inspection of the data reveal that the validity of this linear assumption is doubtful. Previous studies of this type of weather radar have also illustrated that the radar commonly has difficulties in estimating high rain rates.
INTRODUCTION
The Local Area Weather Radar (LAWR) belongs to a small group of weather radars dedicated to urban drainage applications (Jensen & Overgaard ) . Hence, this radar type focusses on high resolution in both time and space. By utiliz-resolution of 1-5 min are necessary for modelling runoff in urban catchments.
The LAWR system operates with a resolution comparable to the values suggested above. However, the accuracy of the rainfall estimate is in most applications more important than the data product resolution. For most conventional meteorological weather radars, the quantitative precipitation estimate (QPE) is based on the widely accepted radar equation and the Marshall-Palmer relation- ship between the transmitted power, reflectivity and the rain intensity (Marshall & Palmer ; Battan ) .
These relations are, however, not applicable for the LAWR radar, due to limitations in the system design. Instead, QPEs are based on empirical relations. Consequently, calibration is needed in order to obtain accurate and reliable rainfall estimates from the LAWR radar. A linear relationship between the LAWR radar output and rain intensity is the underlying assumption by nearly all previous calibration methods. This relation is stated by the manufacturer and is attributed to the logarithmic receiver in the LAWR radar system. Pedersen et al. () deviate slightly from the linear assumption and use a multilinear regression analysis instead. In this approach, additional information from the observation rain gauges is used for the LAWR radar-rainfall transformation. By including event duration and average rain intensity information, it was possible to improve the LAWR radar performance.
Unfortunately, this method is not useable in real time as the observed event duration and average rain intensity will be available only after the rainfall has ended. Moreover, the transformation is only applicable for radar pixels, where corresponding rain gauges exist, as the study does not support two-dimensional (2D) distribution of the transformation in the whole radar domain. Thorndahl & Rasmussen () have illustrated that the LAWR has the tendency to underestimate high rain intensities. It is here important to mention that early LAWR radar versions suffered from saturation of the receiver close to the radar, which naturally reduces the capability of measuring peak rain intensities. However, this problem was eliminated by a system upgrade (Pedersen et al. ) . Thus, peak underestimation found in newer LAWR radar studies is not caused by precipitation saturating the receiver. However, this underestimation could, in principle, be related to the linear assumption.
As a result of these findings, a new calibration method has been developed. Unlike previous solutions, the proposed method relies on nonlinear assumptions and aims at describing the whole range of rain intensities more comprehensively for the LAWR system. The performance of the developed calibration method is evaluated based on ground observations from rain gauges and compared with the performance of the linear regression method (Thorndahl & Rasmussen ), since this is currently the most widely used LAWR calibration method.
METHODS AND MATERIALS
The data and study area A site map is provided in Figure 2 and the specifications for the radar are listed in Table 1 . As pictured in Figure 2 , the capital area is monitored with a fairly dense population of rain gauges, whereas 32 tipping bucket rain gauges are located within the quantitative range of the radar. The radar and gauge data used originates from the period July 1st to November 1st, 2010.
Although the working principle of the LAWR is similar to conventional meteorological weather radars, the LAWR is operated differently. While conventional weather radars mostly scan the atmosphere at different elevation angles with a narrow, torch-shaped radar beam, the LAWR scans the atmosphere continuously with a large vertical opening angle of ±10 W . Consequently, the LAWR system does not contain information about the vertical reflectivity profile of the atmosphere. Partly filled sample volumes will occur in the case of low lying precipitation at longer ranges as the 
where DRO is the radar output, S is the received signal, r is the radial distance from the radar, γ ATT is the attenuation correction and γ VOL is the volume correction. Both Peder- 
where r is the radial distance from the radar, α and C are cor-
The attenuation correction is performed on the raw scan line measurement including ground clutter echoes. Consequently, the attenuation correction has to be performed in the pre-processing within the LAWR software.
The volume correction is implemented as an exponential function within the LAWR software ( Jensen ;
Pedersen et al. ) and is a result of the empirical LAWR system design:
where A and B are volume correction constants (A ¼ 1 and
Ideally, geometric corrections should be based on the radar equation; however, this is not possible due to limitations in the system design as the absolute scale of DRO is unknown.
The volume correction (Equation (3)) can be applied directly in the pre-processing of the LAWR radar data within the LAWR software. However, for this study, the dis- The last step in the LAWR data processing is the transformation of the data from polar to Cartesian data products with the resolutions and ranges specified in Table 1 . The Hvidovre LAWR produces 5-min temporal averaged measurements based on 120 scan rotations, and the 500 m resolution is used.
The study area contains a dense concentration of tipping bucket rain gauges, which are all part of the national Danish network of rain gauges, managed by the Danish Water Pol-
Mikkelsen et al. ). Location of the rain gauges is presented in Figure 2 and a summary of the gauge dataset is presented in Table 2 . As illustrated by Table 2 , the data period contains both a significant number of events and accumulated rain depth. Most of the gauges have captured a precipitation volume equivalent to half of the annual rainfall in Denmark.
The temporal resolution of the rain gauge time series is 1 min and a single tip measured by the gauge corresponds to 0.2 mm of precipitation. In the Danish network of rain gauges, an event is defined as a period of precipitation with at least 1 hour of dry weather prior to and after the event.
The LAWR calibration
The linear regression method introduced by Thorndahl & Rasmussen () is used as reference for the evaluation of the new calibration method. The method uses event accumulated rain depth as aggregation of the rain gauge and LAWR data. Based on linear regression between the event rainfall depths and the accumulated LAWR DRO in the corresponding radar pixels, the gauge/radar ration (β-value) is estimated for each of the rain gauges in the calibration method. Based on the linear assumption, the β-value is then used to transform the LAWR DRO to rain intensity:
where i is the rain intensity, β is the gauge/radar ratio and DRO is the LAWR output.
The distance dependency of β (volume correction) is 
where C 1 and C 2 are model parameters. C 1 and C 2 are purely empirical calibration parameters and vary from one LAWR to another.
The new calibration method replaces the linear assumption in Equation (4) with an exponential relation:
where a and b are empirical model parameters.
The model parameters (a and b in Equation (6)) are estimated in the method by an exponential function fit between the LAWR DRO and the observed rain intensity for each of the calibration gauges. This yields a set of a and b parameters for each calibration gauge. However, similar to β these sets of parameters were found range dependent as a result of the increasing sampling volume. Therefore, empirical range dependencies for each of the model parameters are implemented by two additional exponential functions:
where C 1a , C 2a , C 1b and C 2b are model parameters. One of the major pitfalls in the approach is that the calibration and the transformed radar QPE become highly sensitive to errors in the radar data. Abnormal high
LAWR DRO values will give unrealistic translated rain intensities, due to the exponential transformation and it is therefore important that the radar data are quality controlled before being used in this model.
PRE-PROCESSING AND ERROR FILTERING
Radar data are potentially affected by multiple sources of errors. data are accumulated and presented in Figure 3 for the investigated data period (July 1st to November 1st, 2010).
Hvidovre LAWR is clearly affected by near radar 'blindness' and beam blockage in several sectors as Figure 3 illustrates. In these areas the radar is not able to detect the precipitation sufficiently. Hence, including rain gauges from these areas will affect the calibration negatively. hence more data points exist for the exponential fit. The scatter might appear larger for exponential fit, due to the larger amount of data points. However, the nonlinearity between the LAWR DRO and the gauge measured rain intensity is obvious despite the scattered data.
The gauge/radar ratio (regression slopes or β-values) are plotted as a function of the radar range in Figure 7 . As the plot demonstrates, the gauge/radar ratio (β) follows the exponential function (Equation (5)) fairly well for the investigated data period (July 1st to November 1st, 2010). A summary of the estimated model parameters are listed in Table 3 .
Similarly, Figure 8 illustrates the distance dependency of the parameters in the exponential calibration method. As the result demonstrated, both variations of a-and b-parameter (Equation (6)) are fairly well described by the empirical relations in Equation (7). A summary of the estimated model parameters are listed in Table 4 .
Three-hour accumulated LAWR QPE
The performance of the two calibration methods and DRO transformation models is compared based on 3-hour LAWR QPE and gauge observations. The result hereof is presented as scatter plots in Figure 9 , where corresponding data from all the applied rain gauge data are plotted. Ideally, the data points should be located along the bisector (dashed line), but the scatter is considerable for both methods and models.
The linear regression method tends to perform QPE slightly better for 3-hour rain depths larger than 10 mm.
Simultaneously, this method almost consistently overestimates observations smaller than 10 mm. This overestimation is not present for the exponential method, whereas the underestimation of observations larger than 10 mm is slightly larger.
A summary of regression slope, Nash-Sutcliffe efficiency index (NSE) and root mean squared error (RMSE) for the two calibration methods and models are all presented in Table 5 . If all 3-hour rain depths are included in the performance measures, the linear regression method performs best.
However, this is only because the linear regression method tends to both underestimate and overestimate the gauge observations. This gives a better overall performance for all the examined measures, although the method is actually only performing well in the midrange of the observations. In contrast, the exponential method is performing equally for observations less than 10 mm. Consequently, the exponential method outperforms the linear regression approach, if the performance is evaluated on observations less than 10 mm (Table 5 ). Since observations less than 10 mm represent the vast majority of the observations (94%), the exponential method provides the best estimates most of the time. 
Rain intensity time series
The reason for the difference in performance between the methods has to be found within the capability of reflecting the rainfall intensities as pictured in the following three figures. overestimates the high rain intensities at the start of the event, while the higher rain intensities around 23:00 are underestimated. However, for the rest of the event, the exponential method captures the observation in the rain gauge fairly well, which also gives the more realistic LAWR QPE of the event rain depth. For the observations further away, the overestimation of the linear regression method is more severe, while the performance of the exponential method is similar or slightly better than at the shortest range.
The third rainfall event is also from August, specifically 
DISCUSSION AND CONCLUSION
The results illustrate that the proposed exponential method performs better compared to rain gauge observations than the linear regression method. The linear regression method attaches great importance to precipitation events with large rain depth, due to the event-based aggregation of the calibration method. Consequently, the linear regression method is performing more convincing radar QPE for the event rain depth of the larger events. However, as the results also demonstrate, this does not imply that the linear regression method is performing realistic LAWR QPE of the temporal dynamics of the rainfall event. From the 3-hour accumulations pictured in Figure 9 , it is easy to get the impression that combining the two methods could be an obvious solution as this probably would give a better overall outcome of 3-hour accumulation. However, this cannot be recommended. Although, the linear regression method gives larger 3-hour accumulations, the method and model is not able to perform a trustworthy description of the rainfall dynamics in any range of the 3-hour accumulations.
The proposed exponential method does not weight events with large rainfall depth higher, since the parameters are estimated based on rain intensities on a much smaller time scale. For the LAWR system, the exponential method yields LAWR QPEs which are more accurate, less biased, and describe the temporal dynamics better for the vast majority of the observed rainfall.
The advantage of this specific type of weather radar is in the detection of light precipitation, and the radar system performs best under these conditions, as the results illustrate. At the same time, the results also show that the LAWR system faces significant challenges under heavy rain. The general impression of the LAWR radar performance on more extreme events is that the radar with the linear transformation model underestimates the peaks, although the total rainfall depth is realistic. The more or less extreme events presented in Figure 12 show the same pattern; moreover, the exponential model did not perform that much better.
The direct reason for this is difficult to identify based on this work, but it is clear that the radar system is challenged even at 5-min mean rain intensities of 0.1 mm/min with a 
